Instrumental neutron activation analysis (INAA) was applied for the accurate and precise determination of minor and trace elements in small-sized aliquants (1 to 2 mg) of two certified reference materials (CRM), NIES No. 8 and NIST 1632c. Four laboratories used either comparative-or k0-INAA, or both, and repeated the analysis more than ten times for each CRM. Based on z-scores and zeta scores of analytical data, QA/QC in analyzing such small scale of the two reference samples was assessed, revealing that there was a clear difference in the analytical ability among participating laboratories. It was concluded that the two CRM samples on the mg scale can be used as reference samples in INAA of a similarly small-scaled sample, at least for the 16 -18 elements examined.
Introduction
Neutron activation analysis (NAA) has been extensively applied in many science and technology fields. Among various applications, reactor-based NAA in environmental studies is firmly established.
Because NAA, or more specifically instrumental NAA (INAA), is multi-elemental, non-destructuve and ideally suited for the analysis of small-sized samples, it has been widely applied to various environmental samples, such as suspended particulate matter (SPM), dry and wet depositions, fly-ash, marine aerosol, etc., which commonly have a weight of mg scale or less. The analyzing methods of such small-sized samples need seriously to evaluate the reproducibility and the uncertainty of the analytical results as for assessing QA/QC of the procedure used. A typical approach for the assess of QA/ QC is carried out by analyzing certified reference materials (CRMs) by using the same analytical procedure as those applied to real samples.
Certified reference materials are widely used as primary standards or calibrants for many analytical techniques. A recommended size for one run is usually not less than 100 mg. They should not be used in an extrapolative mode, but should be close to the range of real samples. Therefore, regarding the analysis of small-sized samples, the amount of CRMs needs to be scaled down accordingly. There have been several studies concerning method of validation reported by laboratories analyzing SPM by using a smaller size of CRMs than the recommended amounts. These are 20 -100 mg of NIST (National Institute of Standard and Technology, USA) 1633a (Coal Fly Ash), 1 10 -30 mg of NIST 1633a and 1577b (Bovine Liver), 2 and 1 -15 mg of NIST 1632c (Bituminous Coal) and NIES (National Institute of Environmental Sciences, Japan) No. 8 (Vehicle Exhaust Particulates). 3 These studies showed that the analytical results of CRMs were acceptable from the viewpoint of the homogeneity of CRMs and laboratory handling. For further testing of the size-dependent reproducibility of INAA data, we conducted experimental studies on the analysis of 1 -2 mg of two CRMs, NIES No. 8 and NIST 1632c. Four laboratories from four Asian countries collaborated in this study under the frame of FNCA (Forum for Nuclear Cooperation in Asia), supported by the Japanese government. Either a comparative-or a k0-INAA method was used by three laboratories, while both methods were applied in one laboratory. The obtained results were statistically processed, compared and evaluated. There were two goals for this study. A major goal was to evaluate the homogeneity of the two CRM samples on a scale of 1 -2 mg. For this purpose, the z-scores and zeta scores were calculated for individual data sets, and the mean values of statistically qualified data were compared with certified values provided by the CRM suppliers (NIES and NIST). The second goal was to learn about the analytical capability of participating laboratories for each other, so that we could improve it by exchanging any ideas.
Experimental

Test sample
Two CRM samples, NIES No. 8 (Vehicle Exhaust Particulates) 4 and NIST 1632c (Bituminous Coal), were analyzed in this study. These reference materials were prepared as fine powder by passing through a 2-mm nylon screen for NIES No. 8 and a 250-µm (60 mesh) sieve for NIST 1632c. Their certified and/or reference concentration values for more than 30 elements have been issued as mass fractions on a dry basis.
5,6
Analytical procedures The two CRMs were analyzed at least 10 times at each laboratory. Each sample of 1 -2 mg was weighed and analyzed individually. The INAA methods used in individual laboratories were either comparative-or k0-INAA, or both. For comparative INAA, chemical reagents were used for the preparation of reference standard samples. Samples were irradiated several times in accordance with the half-lives of produced radionuclides. The INAA procedures applied in this study were essentially the same as those reported elsewhere. 7 A total of 35 elements (Al, As, Au, Ba, Br, Ca, Ce, Cl, Co, Cr, Cs, Cu, Eu, Fe, Ga, Hf, K, La, Lu, Mg, Mn, Mo, Na, Rb, S, Sb, Sc, Se, Sm, Th, Ti, U, V, W, and Zn) were determined, and their data were evaluated. Some information concerning the methodology of NAA and the number of elements determined by each laboratory/method is briefly summarized in Table 1 . In the Results and Discussion section, experimental codes (C1 -C3 and K1 -K2) designated in Table 1 are referred.
Statistical evaluation of analytical data
The analytical results obtained were evaluated statistically. The statistical procedures are described here. Only elements for which certified/reference values are available, and which were determined by at least three experimental codes (either comparative INAA or k0-INAA), were examined.
For deducing the standard deviation involved in each certified/ reference value, a modified Horowitz function, 8 
where XA is a certified/reference value of an element expressed as the mass fraction. The standard deviation, σA, is defined by relating a value of HA, with a factor, k, as follows:
In this way, σA can be calculated at three levels of uncertainty, with k = 0.5, 1.0 and 1.5, referring to high-precision analysis, well-established routine analysis and common analytical tasks, respectively. Individual analytical data were compared with corresponding certified/reference values and the difference between the two values was evaluated by using the following z-score analysis expression:
where x denotes a measured value of the element concerned. For a well-established analytical method, the z-scores would be outside the range of -2 ≤ z ≤ 2 for about 4.6% of analytical data; only about 0.3% of the data are outside the range of -3 ≤ z ≤ 3. Thus, based on the z-scores, the analytical data can be classified into three groups: satisfactory, questionable and unsatisfactory results for | z | < 2, 2 < | z | <3 and | z | ≥ 3, respectively. Analytical data were further investigated by calculating the zeta-scores using the following equation (4); 9 zeta x X score
where σx is the standard deviation (1σ) of the measured value, x. Assuming that σx includes all sources of the analytical uncertainty, the calculated zeta-scores can be used to evaluate the measured values, as follows: when 1.64 ≥ zeta score, then a measured value is not different from a reference value; when1.64 < zeta score ≤ 1.95, then a measured value probably is not different from a reference value; when, 1.95 < zeta score ≤ 2.58, then it is not clear whether a measured value differs from a reference value; when 2.58 < zeta score ≤ 3.29, then a measured value probably differs from a reference value; and when 3.29 < zeta score, then a measured value differs from a reference value.
Results and Discussion
Comparison of analytical data among individual laboratories/ experimental procedures
Sixteen and 18 elements were determined by at least two laboratories (or at least three analytical occasions) for NIES No. 8 and NIST 1632c, respectively. Tables 2 and 3 summarize the mean values and accompanied uncertainties (1σ) for each element and each analytical code for NIES No. 8 and NIST 1632c, respectively. There is a large difference in the number of elements determined for NIES No. 8 among laboratories; 10 elements were determined by C1, while 16 elements were determined by C2 and C3 by the comparative method. On the other hand, 16 elements were determined by K2, whereas only 6 elements were determined by K4 by using k0-INAA. A similar situation can be seen for NIST 1632c; 9 elements by C1 vs. 18 and 17 elements by C2 and C3, respectively, by comparative-INAA while 18 elements by K2 vs. 5 elements by K5. No apparent reasons were explained by corresponding laboratories. There might be a possibility for some laboratories to reject questionable values before reporting.
The relative standard deviations (RSDs) are variable from element to element. It can be noticed that RSDs are also variable from laboratory to laboratory for a given element. Among four laboratories, C1 yields surprisingly large RSDs, 6 Values in parentheses are mean values of analytical data with "good quality" (see text).
being from several times to an order of magnitude larger than the values from the other laboratories. Since there could not be such a large difference in the heterogeneity of the CRMs used in the participating laboratories, there must have been some analytical problems at laboratory C1 for yielding such anomalously large analytical uncertainties.
Statistical evaluation of analytical data
Both z-scores and zeta score are given in Tables 2 and 3 Table 4 , where corresponding values for NIST 1632c are also given. From Table 4 , it can be judged that the analytical quality and capability are sufficient for K2 and C3, followed by C2 and then C1, in consideration of the number of elements determined and the statistical scores. Although both C2 and K2 refer to the same laboratory, the analytical quality seems to be higher for K2 (in the use of k0-INAA) than for C2 (in the use of comparative-INAA), for which any reasonable explanation was not expressed by the corresponding laboratory. In general, comparative-INAA could be comparable to or better than k0-INAA in data quality if the preparation of reference standards and the data reduction are appropriately performed. This suggests that there must be room for improving QA/QC of comparative-INAA in the corresponding laboratory. Since the number of elements determined by K4 is too small, its analytical quality cannot be discussed in comparison with K2. The corresponding laboratory may be advised to make additional effort to deduce counting data in gamma-ray spectrometry as much as possible.
In excluding analytical results with low analytical quality (shown in either bold figures or italics in Tables 2 and 3) , the mean values and uncertainties were calculated, and are shown in parentheses in the column of reference/certified values of Tables  2 and 3 . These mean values are all consistent with reference/ certified values within uncertainties for both NIES No. 8 and NIST 1632c. This implies that both samples were prepared very homogeneously, even with such a small mass as a few mg, which is two orders of magnitude smaller than the suggested mass for practical use. This in turn suggests that NIES No. 8 and NIST 1632c can be used as control samples for at least 16 and 18 elements, respectively, examined in this study with a small quantity (say, a few mg) when small-sized samples like SPM are to be analyzed. It further suggests that the statistical evaluation by using z-scores and zeta score is effective in sorting INAA data with the data quality and in assessing QA/QC of the INAA procedure of each laboratory.
Conclusions
Two certified reference samples (NIES No. 8 Bituminous Coal and NIST 1632c Vehicle Exhaust Particulates) were analyzed by instrumental neutron activation analysis (INAA) for a 1 -2 mg size of samples, which is two orders of magnitude smaller than the recommended mass for certification. Four laboratories repeated the analysis at least ten times by either comparative-INAA or K0-INAA, or both. Statistical calculations of z-scores and zeta scores of individual INAA data obtained revealed that NIES No. 8 and NIST 1632c can be used as control samples on a few mg scale at least for 16 and 18 elements, respectively, examined in this study. These scores can further be used for assessing the analytical ability and capability of INAA procedures (either comparative-INAA or k0-INAA) as well as the NAA laboratories participating in this study. a. The number of elements whose analytical data were obtained. b. The number of elements whose analytical data are printed either in bold or in italics in Tables 2 and 3. 
